Several known trans-splicing RNA structures were used to define a canonical trans-splicing structure which was then used to perform a computer search of the EMBL nucleotide database. In addition to most known transsplicing structures, many putative new trans-splicing sites were detected. These were found in a broad range of organisms Including the vertebrates. Control experiments indicate that the search predicts known false positives at a rate of only 20%. Trans-splicing may therefore be a very wide-spread phenomenon.
INTRODUCTION
When trans-splicing of pre-rnRNA in trypanosomes was first reported [1] it was viewed as yet another peculiarity in an group of organisms already known to be atypical [2] . (For reviews of trans-splicing see [3 -7] .) The subsequent discovery of transsplicing in chloroplasts [8] [9] [10] [11] [12] [13] [14] and nematodes [7] indicated that the phenomenon was much more widespread. Naturally the question arises; how widespread is trans-splicing? This question is enticing not only for academic reasons. As Boothyroyd [15] has pointed out, many drugs that might control parasitic trypanosomes or nematodes also injure the host. If trans-splicing were to occur only in certain groups of organisms, (and particularly not in humans or cattle) then the trans-splicing reaction might provide an ideal target for novel drug therapies. The answer would of course also provide insight into the the more fundamental question of the evolution of trans and other forms of splicing [6] .
While the 5' mini-exon that is trans-spliced in kinetoplastids is sufficiently conserved [16] that it was possible to biochemically locate 'CrithidiaJascuculata mini-exons using aT. Brucei probe [17] , there is sufficient divergence between the mini-exon sequences of nematodes and trypanosomes [18] to prevent the location of nematode mini-exons using the same methodology. In general for phylogenetically distant species (which are the interesting ones) it will not be possible to use a mini-exon probe to biochemically screen novel species as a way of discovering if they also trans-splice. Since it is possible to identify eis-splicing sites using computer searches [19] , it seemed that such an approach might also be used to locate trans-splicing sites. Studies on the mechanism of trans-splicing have identified many important features of trans-splicing RNA structures [6, 20] . By using such features to search DNA sequence data bases, we have been able to detect new putative trans-splicing sites and present evidence that trans-splicing occurs in organisms not previously known to exhibit trans-splicing.
MATERIALS AND METHODS
The EMBL nucleotide sequence database 22.0 [21] consisting of 38 X 10 6 base pairs and 32 x 10 3 sequences was used.
Searches of both strands were performed on the EMBL V AX cluster using Pascal programs custom-written by one of us (TD) for the purpose.
The target for which to search was derived from the six transsplicing structures shown in Fig. 1 . These structures were chosen because they are well documented [20] and relatively well understood. The canonical structure which was used as the target is shown schematically in Fig. 2 . Features which were deemed obligatory were (1) the G-G doublet pairing with the Y -Y doublet; (2) a loop size of 3 -10 nucleotides of which at least 3 must be U; (3) of the 4 positions following the G-G doublet, at least 3 of them must base pair with the opposite strand (here and elsewhere G:U is considered a pair). If 1,2 and 3 pair then the stem is extended until only 50% of the bases (including positions 1,2 and 3) pair. If one of 1,2 or 3 do not pair then the stem is extended until a non-pair is encountered. (4) The distance ranges, 0-7 bases are obligatory. (5) The Srn-site consists of a stretch of at least 3 U interrupted by 0 or 1 other nuc1eotides, bracketed at both ends by the doublet R-R. The first nucleotide of the Smsite had to be within 60 nucleotides of the trans-splicing loop.
(6) Stem loops I and 11 were identified with a simple energy scoring scheme. Each G:C pair scored 3, A:U scored 2, G:U scored 1, and non-pairs scored -2. A one nucleotide bulge was permitted and scored -2. The resultant energy sum had to exceed both 6 and (the number of nucleotides in the stem plus loop divided by 2, rounded down to the preceding integer).
Non-obligatory target features also contributed to the evaluation of putative hits (a hit is a positive located by a search). Each of the following seven possible features contributed one point; (1) the first residue after the G-G is a U; (2) the second residue is an A; (3) on the the other strand of the stem the 5' most residue should be G or U; (4) the 3' adjacent residue is a U (5,6) the next two 3' adjacent residues are A or U; (7) there was no constraint on the next 3' adjacent residue, but the one after should be a U. At least 6 of the 7 non-obligatory features were required. Note that the stem labelled as 'non-obligatory features' may redrawn from [20) . These structures have been described in detail as follows ,
Caenorhabiditis elegans [18) , Trypanosoma crnzi [16) , Crithidiafasciculata [17] , LeptOmofUlS collosoma [1), Trypanosoma vivlU [16] , LeptOmofUlS enrietti [29) . overlap with positions labelled 1 to 4 ( and its complementary strand) but the two have been drawn as non overlapping in the interests of clarity.
RESULTS AND DISCUSSION
There were 327 hits with 6 of the obligatory features and 37 hits with all 7. The distribution of the hits in various groups of organisms is summarized in Table 2 ). It has been proposed that the DNA strand opposite a coding sequence also may often be transcribed [22] and many predicted trans-splicing sites are opposite CDS (Table 2 ).
Controls
Of the six sequences shown in Fig.l Table 2 (only hits with 6 or 7 of the non-obligatory sites are presented). A complete list of the search results including hits with 5 of the non-obligatory features is available on request from TD. If the hits with a score of five are included, the search identifies all genera known to trans-splice which are stored as a complete motif in the data base. From chloroplasts it is known that both complete exons and small leader sequences are transspliced. Thus we did not restrict our search by demanding an additional homology to the small spliced leader as this hampers the identification of known chloroplast sites (data not shown). Table 1 indicates considerable variation in the number of predicted sites per 10 6 base pairs. From this it is tempting to conclude that trans-splicing is much more likely to occur in organelles, invertebrates and fungi than in the other groups. Caution is needed in making any such interpretation due to the presence of confounding factors. In particular, trypanosomes Table 2a . Putative splicing sites from the strand provided in EMBL 22.0. Each category of DNA is headed by the name of the category followed by the percentage of the database which the category constitutes, followed by the percentage of the total hits, followed by the ratio. This provides a course estimate of how frequent lrans-splicing sites are relative to the amount of DNA being searched. After the heading the format is: EMBL idcode, position of GG in bases from the 5' end of the sequence (counting only a,u,c,g,t), sequence title (which may have been abbreviated), and comments. Between the idcode and the position an asterisk ,* , indicates that all 7 of the nonobligatory features were found and that, as a consequence, this is a strong candidate for a franssplicing structure. The absence of an asterisk means that 6 of the nonobligatory features occurred. If the same sequence is cited in several data base entries, their idcodes are given directly after the sequence title. The following conventions were used for the comments: rep = repetitive DNA; GG: means the splice site is found exactly at the 5' guanosine of the catalytical Guanosine doublette; test indicates that the trans-splice site is one of the ones used to build the canonical structure; ntst indicates a known frans-splicing RNA not from test set; knownO means that the organism is known to possess the frans-splicing reaction; knownS: known splice site; int : close to integration events; invA: before chloroplast inverted repeat A; ptRNA: near tRNAs ; cytB = in cytochrome B; cox: in cytochrome oxidase subunit I; PKC = protein kinase C; ori = origine of replication ; nuc = nucleoline; km = kanamycine resistance; EX (ORF number): exon (open reading frame , number) ; IN (letter): intron(number) ; dn : after translation but before polyadenylation; pa : after polyadenylation site; ig: intergenic, no transcription unit. Fint.FinvA,FmRNA ,F: five prime of int, invA, start of mRNA transcription; LT denotes a long RNA transcript occurring 3' from the trans-splicing site. For references to individual sequences and annotation, refer to the EMBL database (Cameron 1988 appear to trans-splice every pre-mRNA [3, 6, 16, 24] and so the observation that there are many more splice sites per unit sequence in trypanosomes may be simply because they splice a higher fraction of their pre-mRNA than do other organisms.
Secondly, there is a tendency in molecular biology to sequence DNA related to previously sequenced DNA and whether this is due to the availability of particular probes or common interest in certain sequences, the result is that the database does not consist of ' independent events' . The search was able to distinguish between trans-splicing sites and other types of RNA (Table 2 ). In no cases did the search mis-identify tRNA as a trans-splicing site (there is however a plausible site which would release tRNA (proline) from a long precursor in Spiroplasma, SMTRNA1). Only in two cases (N. gruberi 18S rRNA, and L. taraentolae mitochondrial12S rRNA) were rRNA genes apparently mistaken for trans-splicing sites and no small nuclear RNA known to participate in eis-splicing was confused with a trans-splicing site. Both eis-and transsplicing RNAs have several similar features, but perform different biological functions and the search discriminates between them . These three negative controls for RNA structures which appear similar but which are functionally distinct underline the ability of the search to pick good candidate sites for trans-splicing.
In an attempt to estimate the background error rate of the search, the search was repeated on the strand in the EMBL database with the sequence YY(~ 3 C, ± 1 non C)YY substituted for the Srn-site. This motif should be biological nonfunctional as its Srn-site is destroyed [20] . This search found 12% as many 'hits' with 6 or 7 of the nonobligatory features as did the search using the correct Srn-site. We estimate therefore that as many as 80% of the putative hits in Table 2 may be real.
Similarly, since it is known from T. brucei that other transsplicing sites can exist with diverged Srn-sites, and possibly with other variations of which we are as yet unaware, the search is almost certainly incomplete.
Phylogenetic distribution of predicted trans-splicing structures Even taking into account that 20% of the putative hits in Table  2 might be false positives, there is still considerable evidence that trans-splicing occurs in several groups of organisms in which this mechanism has not been previously identified. There are groups in which it is not predicted such as the mycoplasmas but this may well be due to the small amount of mycoplasma DNA in the database. Despite the availability of 38 x 10 6 base pairs, this is actually a very small sample for this type of study. However, in general, the phylogenetic distribution of predicted trans-splicing structures is sufficiently broad to suggest that transsplicing is quite primitive. The question has been raised as to whether trans-splicing is an unusual type of splicing that evolved in trypanosomes and a few other organism as an adaptive feature [6] . We would argue that trypanosomes did not develop transsplicing as an adaptation but that they have retained it .
We observe that in a high number of cases (40), the predicted trans-splicing site is proximal to an integration site and that in an additional 12 cases, the predicted trans-splicing site is in or proximal to repetitive elements or transposons. Other workers [25, 26] have observed an association between retroposons and mini-exons. This association of trans-splicing structures and integrating DNA may synergistically accelerate the spread of both but perhaps also contributes to the recombination of protein coding regions originally carried by the RNA having the respective trans-splicing site.
Strong candidate sites
It seems appropriate to identify some particularly strong candidates for experimental testing. In particular, MID MURFV , SMTRNA1, LHDEL, PCTHYSY, GGMYHE, HSPKCBIA, and HSTCV A5 contain the catalytic double guanosine [20] exactly at an exon boundary . The oxi3locus in yeast (MISC13)
has a well formed predicted trans-splicing site in the intron aI4 .
The intron is already known to be important for splicing [27] and the following self-splicing group II intron aI5g could be divided in vitro to yield two RNAs that trans-spliced in vitro with associated trans-branching of excised intron fragments [28] . Refer to Fig. 3 for secondary structure diagrams of three of these strong candidate sites. Comparison of these with the structures in those in Fig. 1 shows how highly similar in structure they are to known sites. More examples are given in Table 2 ; particularly strildng are cases in which a trans-splicing site is found in similar positions in the same gene from different organisms (class in Table 2 ) or additional evidence is available (Table 2 and notes to Table 2 ).
CONCLUSION
The search identified the five trans-splicing structures from the test-set which are undisrupted in the EMBL database and detected 
